Utilizing high-resolution electron microscopy and image simulation, it is demonstrated that some of the crystal lattices of Fe-doped CaCu 3 Ti 4 O 12 are intrinsically bent at the nanometer scale. A comparison between experimentally obtained and simulated images indicates that the bending angle is of a few milliradians, which is remarkable in a brittle oxide. Despite such lattice distortion, much of the lattice strain induced by the distortion appears to be released at the domain walls where a number of misfit dislocations are present.
Perovskite-type oxides have been recognized as crucial materials for many novel applications in electronics because of the variety of electronic and optical properties they offer. A number of studies have particularly been conducted on the perovskite titanates and their solid solutions in efforts to elucidate the origin of unique electronic behavior. CaCu 3 Ti 4 O 12 with an A-site ordering perovskite structure is one of the titanates that has attracted much attention over the past several years following the discovery of its extraordinarily high dielectric permittivity of ϳ100 000 in 2000. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Notably, this high dielectric constant remains unchanged in a very wide range of temperature without showing a ferroelectric or relaxor-type phase transition. 1, 2 Some earlier studies proposed local dipole moments as a possible cause for the gigantic dielectricity as in other ferroelectrics. [1] [2] [3] However, recent experimental observations, including strong nonlinear current-voltage behavior, 6 directly demonstrated that the inhomogeneous electrical configuration with conductive grains and insulating internal interfaces plays a critical role in the peculiar dielectric behavior of CaCu 3 Ti 4 O 12 ͑CCTO͒. 4, 6, 8, 11 Therefore, in order to attain a thorough understanding of the unusual electrical properties in CCTO, there is a strong need for fundamental nanoscale investigations on the crystal lattice in a single grain on the basis of crystal physics.
Among the various approaches for the characterization of materials, transmission electron microscopy ͑TEM͒ is now an essential tool to show variation in physical structure and chemical composition at a nanometer scale. 12 Recent development in high-resolution electron microscopy ͑HREM͒ and Z-contrast imaging in scanning transmission electron microscopy offers direct visualization at an atomic level with respect to the architecture of nanomaterials, 13 point defects including atomic vacancies, 14 interface structures and segregation, 15 and even in situ observations at high temperatures. 16 In particular, since high-resolution phase contrast images of crystalline solids can provide diverse information on the defect structures as well as the crystallographic relationship between crystallites, 17 HREM-based analysis is necessary to identify any variation in crystal structure of solids. In this letter, we show that the crystal lattice is inherently bent at a nanometer scale without being separated by a domain wall in Fe-doped polycrystalline CCTO via HREM and electron diffraction. Combining lattice image simulation with HREM, we investigate the crystal distortion at a nanoscale.
We used Fe-doped CCTO polycrystalline samples having electrically homogeneous microstructure with no electrostatic potential barrier at the grain boundaries 11 so as to exclude possible ambiguity caused by an electrical difference inside the samples. 5 at. % Fe-doped CCTO polycrystals with stoichiometric composition of CaCu 3 ͑Ti 3.8 Fe 0.2 ͒O 12 were prepared using high-purity CaCO 3 , CuO, TiO 2 , and Fe 2 O 3 , as previously reported. 6,9,11 HREM images were obtained in a JEOL JEM-4010 microscope operated at 400 kV as well as in a Topcon EM-002BF microscope with a fieldemission-type gun operated at 200 kV. Lattice image simulations based on the multislice method were performed with the MACTEMPAS software package for comparison with the experimentally obtained images. Figure 1͑a͒ shows a typical TEM image of a grain in Fe-doped CCTO sintered in air for 3 h. Analogous to the case without doping, 6, 9 domain walls across which the zone axes are slightly tilted way from each other are easily observed, as indicated by arrows. Figure 1͑b͒ also shows the selected area electron diffraction ͑SAED͒ patterns of each region. The five different configurations of electron diffraction spots with respect to the transmitted spot allow us to confirm the tilt of each zone axis from region to region. The ͓111͔ zone axis of region R among the five selected areas was precisely aligned to the electron beam direction as a reference. Without any specimen tilting operation, the other four SAED patterns were also taken. From this figure, it can be readily noticed that none of the ͓111͔ zones from region 1 to 4 are parallel to that of reference region R and are they are tilted to each other at a small angle of less than 1°. In addition, since the domain wall is a boundary region between two adjacent domains with slightly different orientations ͓for example, regions 2 and 3 in Fig. 1͑a͔͒ , the formation of misfit dislocations is necessarily accompanied in the domain walls. The HREM image of region A ͓inside domain in Fig. 1͑a͔͒ and its Fourier filtered image in Fig. 1͑c͒ show that there are no line defects, resulting in the distinct lattice image contrast. As indicated by the small arrows in Fig. 1͑d͒ , in contrast, the presence of a number of misfit dislocations is apparently observed in the Fourier filtered image due to the lattice misfit and distortion in the domain wall ͑region B͒, resulting in vague contrast in the HREM image.
It should be noted that the SAED patterns of regions R and 2 are not identical but have somewhat different relative intensities between diffracted spots, even though they were taken in the same domain without being separated by any domain wall. This implies that variation in crystallographic orientation can occur from location to location even in the same domain. To verify this implication systematically, we performed image simulations and examined the variation in lattice images when the exact zone direction of a crystal is slightly deviated from the electron beam direction. Finally, we compared the experimentally obtained HREM images with the simulated images acquired under the same conditions for specimen thickness and defocus length.
A high-resolution lattice image in bright-field TEM is a phase contrast image, representing an interference pattern between the transmitted and diffracted electron beams. Therefore, it varies depending on the specimen thickness ͑t͒ and the defocus length ͑⌬f͒ of the objective lens. 17 During the image simulation, in addition, we found that the lattice image was considerably affected in CCTO when the crystal zone axis deviates by a small angle ͑͒ toward a certain crystallographic orientation ͑͒ from the electron beam direction in a spherical coordination, as described in Fig. 2͑a͒ . Figure 2͑b͒ compares the sequential lattice images of CCTO in the ͓111͔ projection as ⌬f is changed at various toward ͑112͒ and ͑101͒ for a constant specimen thickness, t = 20 nm. As demonstrated in the figure, the image changes significantly with different and at each value of ⌬f even when the value is as small as a few milliradians.
During the HREM analysis, we could observe a remarkable difference in lattice image even within a domain in the sample. Figure 3͑a͒ presents the ͓111͔ TEM image of a 30 ϫ 30 nm 2 area of a domain. The enlargements of each region indicated by a rectangle are also shown in Fig. 3͑b͒ . The three HREM images were simultaneously taken from the same area, and thus the two variables, t and ⌬f, can be assumed to be constant. Consequently, the different image construction is attributed only to the deviation angle ͑͒ toward a certain orientation ͑͒ in the present case. Therefore, this experimental observation provides clear evidence that the ͓111͔ zone axes of these three regions are not parallel to each other, indicating that the crystal lattice is curved. Figures  3͑c͒-3͑e͒ display the simulated lattice images when the ͓111͔ zone axis is tilted to the ͓112͔ direction at angles ͑͒ of 4.8 and 8.3 mrad as well as when it is parallel to the electron beam under conditions of t = 24 nm and ⌬f = −40 nm. Both Figs. 3͑d͒ and 3͑e͒ agree well with the experimental images of regions 2 and 3, respectively, although Fig. 3͑c͒ does not appear to be in good accord with the image of region 1 ͑which means that the ͓111͔ zone axis of this region is not parallel to the electron beam͒. Along with the electron diffraction patterns shown in Fig. 1͑b͒ , the present image comparison demonstrates that some part of the crystal is inherently bent at a nanometer scale in Fe-doped CCTO.
The CCTO crystal is of a body-centered-cubic structure 1, 18 with a space group of Im3. Thus, it is easily recognized that a crystallographic center of symmetry is present in the unit cell, indicating that there would be no permanent dipole moments in CCTO. However, based on the present TEM analysis, the flexoelectric polarization induced by the inhomogeneous strain due to the nanoscale lattice bend is possibly expected to occur in the Fe-doped CCTO polycrystals, as was previously reported in other perovskite oxides. 19 As it is likely that much of the lattice strain is released at the domain walls, where a number of misfit dislocations are present, such polarization is believed to be quite weak, resulting in virtually no contribution to the gigantic dielectric response. 11 In summary, we have shown that the crystal lattices of Fe-doped CCTO are intrinsically bent without being involved with domain walls at a nanoscale level through a combination of the experimental observation via HREM and the image simulation approach. The present study suggests that further investigation on crystal physics is necessary for the occurrence of the energetically unfavorable lattice bend in CCTO. 
